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Human apolipoprotein (apo) E4, a major risk factor for Alzheimer’s
disease (AD), occurs in amyloid plaques and neurofibrillary tangles
(NFTs) in AD brains; however, its role in the pathogenesis of these
lesions is unclear. Here we demonstrate that carboxyl-terminal-
truncated forms of apoE, which occur in AD brains and cultured
neurons, induce intracellular NFT-like inclusions in neurons. These
cytosolic inclusions were composed of phosphorylated tau, phos-
phorylated neurofilaments of high molecular weight, and trun-
cated apoE. Truncated apoE4, especially apoE4(D272–299), induced
inclusions in up to 75% of transfected neuronal cells, but not in
transfected nonneuronal cells. ApoE4 was more susceptible to
truncation than apoE3 and resulted in much greater intracellular
inclusion formation. These results suggest that apoE4 preferen-
tially undergoes intracellular processing, creating a bioactive frag-
ment that interacts with cytoskeletal components and induces
NFT-like inclusions containing phosphorylated tau and phosphor-
ylated neurofilaments of high molecular weight in neurons.

Human apolipoprotein (apo) E, a 34-kDa protein composed
of 299 amino acids, occurs as three major isoforms, apoE2,

apoE3, and apoE4 (1–3). ApoE4 has been linked to the patho-
genesis of Alzheimer’s disease (AD) (4–6). The apoE4 allele is
a major risk factor or susceptibility gene associated with '40–
65% of cases of sporadic and familial AD, and it increases the
occurrence and lowers the age of onset of the disease (7).

The neuropathological hallmarks of AD are the presence of
extracellular amyloid plaques and intracellular neurofibrillary
tangles (NFTs) in the brain (8–10). The plaques consist primarily
of the amyloid b (Ab) peptide (8–10), and the NFTs are
composed largely of the highly phosphorylated microtubule-
associated protein tau (p-tau) (9) and, to a lesser extent,
phosphorylated neurofilaments of high molecular weight (p-
NF-H) (11, 12). ApoE is a component of NFTs (4, 13, 14) and
may be involved in the phosphorylation of tau (15), along with
other components of the tangles, to form the cytosolic inclusions.
Here we show that carboxyl-terminal-truncated fragments of
apoE, especially apoE4(D272–299), which is generated inside
cultured neurons and in AD brains, interact with p-tau and
p-NF-H and result in large, filamentous intracellular inclusions
resembling NFTs in AD brains.

Materials and Methods
Antibodies. Polyclonal goat anti-human apoE was from Calbio-
chem. Anti-carboxyl-terminal apoE (amino acids 272–299) was
obtained by passing the polyclonal anti-apoE three times
through a column that was prepared by binding a mixture of
apoE3(D272–299) and apoE4(D272–299) to Sepharose CL-4B.
The unbound fraction was used as anti-carboxyl-terminal apoE
(amino acids 272–299). The bound fraction was used as anti-
amino-terminal apoE (amino acids 1–271). Phosphorylation-
dependent monoclonal tau antibodies, AT8 (p-Ser202), AT100
(p-Ser212 and p-Th214), AT180 (p-Th231), and AT270 (p-
Th181), were from Endogen (Woburn, MA). Phosphorylation-
dependent monoclonal NF-H antibodies, RT97 and SM-31, were

from Roche Molecular Biochemicals and Sternberger Mono-
clonals (Lutherville, MD), respectively.

ApoE Expression Vectors. PCR products encoding wild-type or
modified forms of apoE3 or apoE4 were subcloned into a
pFLAG-CMV-3 vector (Sigma) containing an amino-terminal
FLAG fusion peptide and a preprotrypsin signal sequence or
into a p-FLAG-CMV-4 vector (Sigma) containing an amino-
terminal FLAG fusion peptide without a signal sequence. For
some experiments, PCR products encoding wild-type or modi-
fied forms of apoE3 or apoE4 were subcloned into a pEGFP-C1
vector (CLONTECH) containing an amino-terminal green flu-
orescent protein (GFP) fusion without a signal sequence. In all
cases, protein expression was driven with a human cytomegalo-
virus immediate-early promoter. All DNA constructs were con-
firmed by sequence analysis.

Cell Cultures and Transfection. Mouse neuroblastoma (Neuro-2a)
cells (American Type Culture Collection) were maintained at
37°C in MEM containing 10% FBS. NT2 cells were kindly
provided by S. Pleasure (University of California, San Fran-
cisco) and maintained in Opti-MEM-I (GIBCO) containing
5% FBS (16).

Primary cultures of cortical neurons were prepared from
17-day-old mouse embryos as described (17). Immunostaining
of 6-day-old cortical cultures in vitro with cell-specific anti-
bodies yields .90% neuron-specific enolase–immunoreactive
cells (18).

Neuro-2a, NT2-N, or cultured mouse primary cortical neurons
were transiently transfected with various apoE cDNA constructs
by the Lipofectamine method. Transfected cells expressing
similar levels of various forms of apoE3 or apoE4 (GFP-apoE3
or GFP-apoE4), as determined by anti-apoE immunofluores-
cent staining andyor flow cytometry, were used.

Immunocytochemistry. Neuro-2a cells were grown in two-well
chamber slides for 24 h and transiently transfected with various
apoE3 or apoE4 DNA constructs, as described above. After two
washes in PBS, the transfected cells were fixed, permeabilized,
and stained with different primary antibodies and FITC-,
rodamine-, or Cy5-coupled secondary antibodies as described
(19). The immunofluorescently labeled slides were mounted
in VectaShield (Vector Laboratories) and viewed with an
MRC-1024 laser scanning confocal system (Bio-Rad) mounted
on an Optiphot-2 microscope (Nikon).

Abbreviations: apo, apolipoprotein; AD, Alzheimer’s disease; NFT, neurofibrillary tangle;
Ab, amyloid b; p-tau, phosphorylated tau; p-NF-H, phosphorylated neurofilaments of high
molecular weight; GFP, green fluorescent protein.
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Human Brain Tissues. Brain tissues (cortex) from two normal
subjects (N1, 97 years old, apoE3y3; N2, 69 years old, apoE3y3)
without dementia, plaques, or NFTs in the brain and three AD
patients (AD1, 77 years old, apoE4y2; AD2, 74 years old,
apoE4y4; AD3, 76 years old, apoE4y3) with dementia, plaques,
and NFTs in the brain were kindly provided by Eliezer Masliah
(University of California at San Diego, La Jolla). Tissues were
collected at 12, 9, 3, 10, and 5 h after death, respectively, frozen
immediately on dry ice, and stored at 280°C until used.

Human cortical brain tissues (1–2 g) were homogenized with
a Polytron homogenizer (75% power, 30 s 3 4) in 1.5 ml of
ice-cold lysis buffer I (50 mM TriszHCl, pH 8.0y150 mM
NaCly0.1% SDSy0.5% Nonidet P-40y0.5% sodium deoxy-
cholate and a mixture of protease inhibitors). After centrifuga-
tion at 25,000 g for 30 min at 4°C to obtain the solubilized
proteins (supernatant), the pellet was further homogenized with
a Polytron homogenizer (75% power, 30 s 3 4) in 1.5 ml of
ice-cold lysis buffer II (50 mM TriszHCl, pH 8.0y150 mM
NaCly4% SDSy1% Nonidet P-40y1% sodium deoxycholate and
a mixture of protease inhibitors). The supernatant and the
solubilized pellet (200 mg total proteins) were subjected to
SDSyPAGE and analyzed by Western blotting.

Immunoprecipitation and Western Blotting. Neuro-2a cells tran-
siently transfected with apoE DNA constructs (24–48 h) were
lysed in ice-cold lysis buffer III (50 mM TriszHCl, pH 8.0y150
mM NaCly0.1% SDSy1% Nonidet P-40y0.5% sodium deoxy-
cholate and a mixture of protease inhibitors) for 30 min. After
centrifugation in an Eppendorf centrifuge (13,000 rpm for 15
min), apoE in the supernatant was immunoprecipitated with
monospecific goat anti-human apoE and protein-A agarose
beads. The immunoprecipitates were then analyzed for apoE,
p-tau, or p-NF-H by Western blotting with the corresponding
antibodies. Alternatively, the supernatants of cell lysates were
immunoprecipitated with monoclonal anti-p-tau or anti-p-NF-H
and analyzed by Western blotting with anti-apoE.

Electron Microscopy. Neuro-2a cells transiently transfected with
DNA constructs encoding GFP or GFP-apoE4(D272–299) were
lifted from the plates with 0.05% trypsin and 0.05 mM EDTA.
GFP-positive cells were sorted by a fluorescence-activated cell
sorter and pelleted by centrifugation. The cells were fixed (2.5%

glutaraldehyde, 1 h; 2% OsO4, 1 h), dehydrated, embedded,
sectioned, and stained with uranyl acetate and lead citrate. The
cells then were photographed with a JEOL CCX-100II electron
microscope.

Results
Carboxyl-Terminal-Truncated Forms of ApoE Accumulate in AD Brains
and Are Associated with NFTs. To characterize the apoE in AD
plaques and NFTs, we immunostained AD brain sections with
antibodies against various regions of apoE. Anti-amino-terminal
apoE (amino acids 1–271) revealed both amyloid plaques and
NFTs (Fig. 1a, arrows), whereas anti-carboxyl-terminal apoE
(amino acids 272–299) revealed only amyloid plaques (Fig. 1b).
The NFTs were double-immunolabeled with anti-p-tau and
anti-amino-terminal apoE (Fig. 1c) but not with anti-carboxyl-
terminal apoE (Fig. 1d). These results suggest that apoE exists
in NFTs as a carboxyl-terminal-truncated form.

To confirm the presence of these forms of apoE in human
brains, brain lysates from nondemented normal subjects and
AD patients were analyzed by Western blotting. Anti-full-
length apoE revealed not only full-length apoE but also a '29-
to 30-kDa apoE fragment in the supernatant of brain lysates
from both normal subjects and AD patients; however, the
fragment occurred to a greater extent in AD brains (Fig. 1g).
This fragment also was found in detergent-solubilized pellets
from AD brains, which were enriched in plaques and NFTs, but
not in the pellets from normal brains (Fig. 1i). Smaller apoE
fragments ('14–20 kDa) were found in both the supernatant
and the solubilized pellet fractions of AD brains but not of
nondemented normal brains (Fig. 1 g and i). However, Western
blotting with anti-carboxyl-terminal apoE revealed only full-
length apoE in both the supernatant (Fig. 1h) and the solu-
bilized pellet fractions (Fig. 1j), suggesting that the fragments
are carboxyl-terminal-truncated forms of apoE. Large com-
plexes (.220 kDa) were detected in the solubilized pellets of
AD brains by anti-full-length apoE (Fig. 1i) and anti-p-tau
(Fig. 1k) but not by anti-carboxyl-terminal apoE (Fig. 1j),
suggesting that these large complexes contain carboxyl-
terminal-truncated forms of apoE and p-tau. Thus, carboxyl-
terminal-truncated forms of apoE accumulate in AD brains,
form complexes with p-tau, and are associated with NFTs.

Fig. 1. Carboxyl-terminal-truncated forms of apoE accu-
mulate in AD brains and NFTs. (a and b) Immunostaining of
AD brain sections with anti-amino-terminal apoE (a) or
anti-carboxyl-terminal apoE (b). (c and d) Double immuno-
fluorescence staining of AD brain sections with anti-p-tau
(red) and anti-amino-terminal apoE (green) (c) or anti-p-
tau (red) and anti-carboxyl-terminal apoE (green) (d). (e
and f ) Neuro-2a cells expressing apoE3 or apoE4 were
incubated with or without synthetic Ab1– 42 (10 mM) for 24 h
at 37°C. After incubation, cell lysates were immunoprecipi-
tated with a monospecific polyclonal anti-apoE followed
by Western blotting with polyclonal anti-apoE (e) or mono-
clonal anti-apoE (6C5) ( f) that recognizes the first 15 amino
acids of the amino terminus of apoE (45). (g–k) Brain tissues
from two nondemented normal individuals (N1 and N2)
and three AD patients (AD1, AD2, and AD3) were homog-
enized. Both the supernatants (g and h) and the solubilized
pellets (i–k) were subjected to SDSyPAGE and analyzed by
Western blotting with polyclonal antibodies against full-
length apoE (g and i), the carboxyl terminus (amino acids
272–299) of apoE (h and j), or a mAb against p-tau (AT8) (k).
E Std, apoE standard (200 ng protein). (Original magnifi-
cations: a and b, 3200; c and d, 3600.)
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Carboxyl-Terminal-Truncated ApoE Is Generated in Neuro-2a Cells.
The '29- to 30-kDa band of apoE was also detectable in
lysates of Neuro-2a cells expressing apoE3 or apoE4, with
2.5 6 0.7-fold more being generated from apoE4 (P , 0.01,
n 5 5) than from apoE3 (Fig. 1e, left two lanes). Again, the
'29- to 30-kDa band represents a carboxyl-terminal-truncated
form of apoE, as detected by a mAb, 6C5, that recognizes the
first 15 amino-terminal amino acids of apoE (Fig. 1f ). Fur-
thermore, treatment of the transfected cells with the 42-aa
form of Ab (Ab1–42) significantly increased the amounts of the
carboxyl-terminal-truncated apoE3 and apoE4, with 2.8 6
0.8-fold more being generated from apoE4 (P , 0.01, n 5 4)
(Fig. 1e, right two lanes). These results suggest that Ab1–42
activates an unknown proteolytic enzyme that cleaves apoE,
especially apoE4, at its carboxyl terminus.

ApoE4 Induces Intracellular Inclusions in Neuro-2a Cells. In a subset
(2.7 6 1.2%) of transfected cells expressing full-length apoE4
(Fig. 2b), apoE and p-tau immunoreactivity colocalized within
intracellular inclusions (Fig. 2a). Immunostaining showed no
intracellular inclusions in Neuro-2a cells expressing full-length
apoE3 (Fig. 2b). However, treatment with Ab1–42 increased
the number of apoE4-expressing cells containing apoE and
p-tau immunoreactive intracellular inclusions (2.7 6 1.2% to
6.7 6 1.5%, P , 0.001) and induced inclusions in a subset of
apoE3-expressing cells (0 to 2.8 6 0.6%, P , 0.001) (Fig. 2b).

Importantly, anti-p-tau immunoprecipitation of cell lysates
from Ab1–42-treated cells expressing apoE4 and subsequent
anti-apoE Western blotting revealed that the apoE4 in the
complex was a truncated form with a molecular mass of
'29–30 kDa (Fig. 2c).

Carboxyl-Terminal-Truncated ApoE Induces Intracellular NFT-Like In-
clusions. To determine whether carboxyl-terminal-truncated
apoE induces intracellular NFT-like inclusions, we expressed
apoE3 or apoE4 constructs possessing carboxyl-terminal trun-
cations in Neuro-2a cells. Expression of apoE4 lacking the first
28 amino acids of the carboxyl terminus [apoE4(D272–299)]
resulted in intracellular NFT-like inclusions in 78 6 8% of
transfected Neuro-2a cells (Fig. 2e). The inclusions were
recognized by anti-p-tau (Fig. 2f ), which colocalized with apoE
(Fig. 2g), and anti-p-NF-H (data not shown). Expression of
apoE3(D272–299) also induced intracellular inclusions, but
they were smaller (Fig. 2h) and occurred in significantly fewer cells
(32 6 5% versus 78 6 8%, P , 0.001). Importantly, exogenous
apoE4(D272–299), which had been complexed with b-very low
density lipoproteins as a lipid transport vehicle and incubated with
Neuro-2a cells, also induced intracellular NFT-like inclusions (Fig.
2d). Thus, both endogenously expressed and exogenously added
apoE with the carboxyl-terminal truncation induced NFT-like
inclusions in Neuro-2a cells. The truncated apoE probably escapes
the secretory or the endosomal-lysosomal internalization pathway,

Fig. 2. Carboxyl-terminal-truncated apoE
induces intracellular NFT-like inclusions in
the cytosol of Neuro-2a cells. (a) Neuro-2a
cells transiently transfected with apoE4
cDNA were double-immunostained with an-
ti-apoE (green) and anti-p-tau (red) antibod-
ies. This is representative of the cells contain-
ing apoE and p-tau immunoreactive
intracellular inclusions (yellow) (more than
1,500 cells examined). (b) ApoE3- and apoE4-
transfected Neuro-2a cells were incubated
with or without 10 mM synthetic Ab1–42 pep-
tide at 37°C for 36 h. After incubation, the
cells were double-immunostained with anti-
apoE and anti-p-tau, and the percentage of
transfected cells containing apoE and p-tau
immunoreactive intracellular inclusions was
calculated. Each column represents mean 6
SD of four experiments (P , 0.001, apoE4
versus apoE3 or apoE4 1 Ab1–42 versus apoE3
1 Ab1–42; .400 transfected cells counted per
experiment). (c) Cell lysates of apoE4-trans-
fected Neuro-2a cells treated with Ab1–42 (10
mM, 36 h) were immunoprecipitated with a
monoclonal anti-p-tau (AT8 or AT270). Con-
trol lysates were not immunoprecipitated
with anti-p-tau. Anti-apoE Western blotting
revealed a band with a lower molecular mass
than full-length apoE ('29–30 kDa versus 34
kDa). (d) Neuro-2a cells were incubated for
30 h at 37°C with recombinant apoE4(D272–
299) (30 mgyml) complexed with rabbit
b-very low density lipoproteins (20 mg of
proteinyml). After incubation, the cells were
fixed and immunostained for apoE. (e–h)
Neuro-2a cells transiently transfected with
apoE4(D272–299) (e–g) or apoE3(D272–299)
(h) cDNA were double-immunostained with
anti-apoE (e) and anti-p-tau ( f) antibodies or
immunostained with anti-apoE alone (h). (g)
Merged image of e and f. (i–l) Neuro-2a cells were transiently transfected with DNA constructs encoding GFP (i), GFP-apoE3(D272–299) (j), or GFP-apoE4(D272–
299) (k). All three constructs lacked the sequence encoding the signal peptide, resulting in direct expression of GFP-apoE in the cytosol. After transfection, the
percentage of transfected cells containing intracellular filamentous inclusions was calculated (l) (mean 6 SD of four experiments; .300 transfected cells counted
per experiment. P , 0.001, GFP-apoE4(D272–299) versus GFP-apoE3(D272–299). (Original magnification: a and d–k, 3600.)
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enters the cytosol, and interacts with p-tau and p-NF-H. There is
evidence that apoE can appear in the cytosol of various cells
(20–22), although another study failed to show this (23).

Cytosolic ApoE(D272–299) Induces Intracellular NFT-Like Inclusions.
To interact with p-tau and p-NF-H, apoE must enter the cytosol.
Therefore, we tested the hypothesis that cytosolic expression of
apoE(D272–299) in Neuro-2a cells would enhance the formation
of intracellular NFT-like inclusions. Indeed, expression of GFP-
apoE4(D272–299) in the cytosol (construct lacked the sequence
encoding the signal peptide) caused massive intracellular NFT-
like inclusions in the cell bodies, occasionally extending into the
neurites (Fig. 2 k and l), whereas GFP-apoE3(D272–299) ex-
pression resulted in many fewer intracellular inclusions (Fig. 2 j
and l). GFP alone induced no inclusions (Fig. 2i).

Expression of GFP-apoE4(D272–299) in the cytosol also
induced intracellular NFT-like inclusions that were identified by
double immunofluorescence staining with anti-apoE and anti-
p-tau (AT8 or AT270) in primary cultured mouse cortical
neurons and in human NT2 cells but not in nonneuronal cells
(CHO, COS-7, C-6, HepG2, and McA-RH7777). Therefore,
apoE4(D272–299) induces intracellular NFT-like inclusions only
in neurons, consistent with the neuron-specific expression of tau
and neurofilaments.

Intracellular Inclusions in ApoE4(D272–299)-Expressing Neuro-2a Cells
Resemble NFTs in AD. Ultrastructural analysis by electron mi-
croscopy showed large filamentous inclusions in Neuro-2a cells
expressing cytosolic GFP-apoE4(D272–299) (Fig. 3b, arrows)
but not in cells expressing GFP alone (Fig. 3a). The inclusions
were composed of bundles of many straight filaments '10–20

nm in diameter (Fig. 3c, arrows), similar to the straight fila-
ments in some NFTs in AD brains (24, 25). The filaments were
randomly oriented and were not membrane-bound. Cells
expressing GFP-apoE4(D272–299) also showed many electron-
dense, membrane-bound organelles resembling autophago-
cytic vesicles containing damaged cell organelles (Fig. 3b,
arrowheads).

Immunof luorescence staining of cells expressing cytosolic
GFP-apoE4(D272–299) demonstrated that the inclusions con-
tained p-tau, as detected by mAb AT8 (Fig. 4 a–c). However,
the inclusions were variably positive for some (AT81,
AT10011, AT270111), but not all (AT1802), of the mAbs
that recognize p-tau in NFTs in AD brains, suggesting that
some of the serines or threonines of tau were phosphorylated
in the intracellular inclusions. The intracellular inclusion also
contained p-NF-H as detected by mAb SM31 (Fig. 4 d–f ) or
RT97 (data not shown). The presence of both p-tau and
p-NF-H in the intracellular inclusions was confirmed by im-
munoprecipitation studies and Western blotting with anti-p-
tau, anti-p-NF-H, and anti-apoE (Fig. 4 g–i). These results
suggest that apoE4(D272–299)-induced intracellular filamen-
tous inclusions have ultrastructural and biochemical charac-
teristics resembling those of NFTs in AD brains.

Amino Acids 245–260 of ApoE Interact with p-Tau and p-NF-H to Form
Intracellular NFT-Like Inclusions. To determine the region of apoE
that mediated the interaction with p-tau and p-NF-H to form

Fig. 3. Electron micrograph of the intracellular inclusions induced by GFP-
apoE4(D272–299) in Neuro-2a cells. Neuro-2a cells were transiently trans-
fected with GFP (a) or GFP-apoE4(D272–299) (b and c). GFP-positive cells were
sorted with a fluorescence-activated cell sorter, pelleted by centrifugation,
and examined with a JEOL CCX-100II electron microscope. (Original magnifi-
cations: a and b, 325,000; c, 360,000.)

Fig. 4. Intracellular inclusions induced by GFP-apoE4(D272–299) in Neuro-2a
cells contain p-tau and p-NF-H. (a–f ) Neuro-2a cells transiently transfected
with GFP-apoE4(D272–299) were immunostained for p-tau (AT270; similar
results were obtained with AT8) or p-NF-H (e, SM31; similar results were
obtained with RT97) and imaged by confocal microscopy. (c) Merged image of
a and b. ( f) Merged image of d and e. (g–i) Detection of a complex containing
p-tau (g), p-NF-H (h), and truncated apoE (i) in Neuro-2a cells transiently
transfected with apoE4(D272–299) after immunoprecipitation with anti-apoE
(g and h) or anti-p-tau (AT8) (i) and Western blotting. (Original magnification:
a–f, 3600.)
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intracellular NFT-like inclusions, we transfected Neuro-2a cells
with cDNA constructs encoding fusion proteins of GFP and
apoE4 with carboxyl-terminal truncations of various lengths
(lacking the signal sequence) (Fig. 5a). Expression of apoE4 with
truncations to amino acid 261 [apoE4(D261–299)] or 252
[apoE4(D252–299)] did not affect the formation of intracellular
NFT-like inclusions; however, truncation to amino acid 245
[apoE4(D245–299)] abolished formation of the NFT-like struc-
tures (Fig. 5b). These findings suggest that amino acids in the
245–260 region mediate the interaction with p-tau and p-NF-H
to form the NFT-like inclusions in Neuro-2a cells. This conclu-
sion was supported by the observation that the NFT-like inclu-
sions also occurred in Neuro-2a cells transfected with a GFP-
apoE cDNA construct encoding amino acids 233–271 of apoE
[apoE(D1–232,D272–299)] (Fig. 5b).

Amino-Terminal Domain Modifies the Ability of the Carboxyl-
Terminal-Truncated ApoE4 to Form Intracellular NFT-Like Inclu-
sions. Because the sequence of amino acids 245–260 is identical
in apoE3 and apoE4 (which differ only at residue 112) (Fig. 5a)
and because apoE4(D272–299) has a greater ability to form the
intracellular NFT-like inclusions than apoE3(D272–299) (Fig.
2l), the amino-terminal domain of apoE must modify the
ability of apoE amino acids 245–260 to induce the inclusions.
To test this hypothesis, we expressed GFP-tagged
apoE4(D272–299) with a series of amino-terminal truncations
in the cytosol of Neuro-2a cells and counted cells with
intracellular inclusions. Removal of the first 20 amino acids

(D1–20,D272–299), the first a-helix (D1–45,D272–299), or the
first two a-helices (D1–86,D272–299) did not alter the ability
of GFP-apoE4(D272–299) to induce intracellular NFT-like
inclusions (Fig. 5c). However, removal of the first three
a-helices (D1–126,D272–299) decreased GFP-apoE4(D272–
299)-induced NFT-like inclusions by '50% (Fig. 5c). Removal
of all four a-helices (D1–170,D272–299) did not further de-
crease inclusion formation (Fig. 5c). These results suggest that
the sequence in the third a-helix (amino acids 86–126), which
includes amino acid 112 (cysteine in apoE3 and arginine in
apoE4) (Fig. 5a), modifies the ability of apoE4(D272–299) to
induce intracellular NFT-like inclusions.

Discussion
Several hypotheses have been advanced to explain the asso-
ciation of apoE4 with AD, including its role in altering Ab
deposition and clearance and plaque formation (26–30) and its
effects on tau (31) and on the structure and function of the
cytoskeleton (32–34). Our findings indicate that bioactive,
carboxyl-terminal-truncated forms of apoE3 and apoE4 inter-
act with cytosolic p-tau and p-NF-H to induce NFT-like
inclusions in neuronal cells. Carboxyl-terminal-truncated
apoE4 had a greater capacity to induce cytoskeletal alter-
ations. NFTs composed of straight filaments are generated in
neurons of transgenic mice expressing a mutant human tau
(P301L) (35) but not in transgenic mice overexpressing wild-
type human tau (36), suggesting that other factors, in addition
to p-tau, are required to induce NFTs. Carboxyl-terminal-
truncated apoE induced intracellular filamentous inclusions
containing p-tau and p-NF-H even in the context of wild-type
tau. Support for a role for apoE in NFT formation comes
from pathological and epidemiological studies. ApoE is a
component of NFTs (4, 13, 14), and most studies describe a
gene dose-dependent effect of apoE4 on the number of NFTs
in AD brains (37–40), although not all studies support this
conclusion (41, 42).

Importantly, the carboxyl-terminal-truncated forms of apoE
exist in NFTs and accumulate in the brains of AD patients.
Detergent-solubilized pellet fractions from AD brain extracts
were specifically enriched in apoE fragments, some of which
were complexed with p-tau (Fig. 1 i and k). Carboxyl-terminal-
truncated apoE ('29–30 kDa) also was found in neuronal cells
incubated with exogenous apoE (data not shown) and in trans-
fected neuronal cells that synthesized and secreted apoE (Fig. 1
e and f ). ApoE4 was much more susceptible to carboxyl-terminal
truncation than apoE3, and Ab1–42 treatment of the cells en-
hanced the generation of truncated apoE4 (Fig. 1e) and in-
creased the number of cells with the intracellular NFT-like
inclusions (compared with apoE3 plus Ab1–42 treatment) (Fig.
2b). The identity of the putative protease that cleaves apoE at its
carboxyl terminus is of great interest: it may serve as a thera-
peutic target for prevention and treatment of neurodegenerative
diseases associated with apoE4.

The region of apoE responsible for its interaction with p-tau
and p-NF-H to form the intracellular NFT-like inclusions in-
cludes amino acids '245–260. This interaction occurred only
when the apoE lacks the carboxyl-terminal '30 amino acids.
Full-length apoE did not interact with p-tau and p-NF-H.
However, any fragment of apoE possessing amino acids 245–260
but lacking the carboxyl-terminal amino acids also induced the
NFT-like inclusions. Several carboxyl-terminal-truncated apoE
fragments of different lengths were found in AD brains (Fig. 1
g–j) and may be involved in the formation of NFTs.

Carboxyl-terminal-truncated apoE4 induced intracellular
NFT-like inclusions containing p-tau and p-NF-H to a greater
extent in neuronal cells than similarly truncated apoE3. How-
ever, both forms of apoE are identical with respect to amino
acids 245–260; they differ only at residue 112. Therefore, the

Fig. 5. The effects of deletions in the carboxyl- and amino-terminal domains
of apoE on the formation of NFT-like structures in Neuro-2a cells. DNA
constructs encoding fusion proteins of GFP and various carboxyl- or amino-
terminal-truncated forms of apoE4 were prepared and transiently transfected
into Neuro-2a cells. All constructs lacked the signal peptide sequence. (a)
Model of apoE (modified from ref. 46) illustrating the structural regions where
deletions were made and the polymorphic site (residue 112) that distinguishes
apoE3 from apoE4. (b) Results defining amino acids 245–260 of apoE as critical
for inclusion formation. (c) Deletion of helix 3 (amino acids 86–126) signifi-
cantly reduced the ability of apoE4(D272–299) to form the intracellular inclu-
sions (P , 0.001). The percentages of cells containing NFT-like structures were
determined (mean 6 SD of four experiments; .300 transfected cells counted
per experiment).
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amino-terminal domain of apoE appears to modulate the
ability of the carboxyl-terminal-truncated fragments to induce
intracellular NFT-like inclusions. Previously, the concept of
domain interaction was proposed to explain alterations in the
functional activity of apoE4 that distinguish it from apoE3 (43,
44). Domain interaction involving the amino terminus and
carboxyl terminus of apoE4 is mediated by an ionic interaction
between arginine-61 in the amino terminus (second a-helix)
and glutamic acid-255 in the carboxyl terminus (43, 44).
However, deletion of the amino-terminal 86 amino acids,
including arginine-61, from apoE4(D272–299) did not affect its
ability to form the intracellular NFT-like inclusions (Fig. 5c).
On the other hand, deletion of the first three a-helices
(D1–126), including residue 112, which distinguishes apoE3
and apoE4, markedly reduced the ability of apoE4(D272–299)
to induce the intracellular inclusions. Thus, domain interaction

affecting this biologic activity appears to involve interactions
other than arginine-61.

In conclusion, this study demonstrates that carboxyl-terminal-
truncated fragments of apoE, which are generated in AD brains
and cultured neurons, induce NFT-like inclusions in neuronal
cells. Both quantitative and qualitative differences in the abilities
of apoE4 and apoE3 to induce these inclusions could contribute
to the increased susceptibility of human apoE4 carriers to AD
and other types of central nervous system impairment.
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